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Abstract
Marangoni effect is one of the critical factors in the droplet evaporation process, which is caused by surface tension gradient in the
droplet interface. In this study, local heating is adopted to provide a more complicated temperature distribution on the droplet
surface, and a detailed numerical investigation is carried out to address the effect of Marangoni flow on the droplet evaporation
behaviour. Results show that asymmetric heat source position could result in the droplet morphology being asymmetric, espe-
cially for droplets on super-hydrophilic surfaces. The evaporation rate could be affected both by the heat source position and the
droplet contact angle. When placed on a smooth substrate, the droplet will slip horizontally as a result of the asymmetric heating





fσ Distribution function for stream of the σthcomponent
f eqσ Equilibrium distribution for stream of the σ th
component
gσ Distribution function for temperature of the σth
component
geqσ Equilibrium distribution function for temperature of the
σth component
ei Lattice particle’s Microscopic speed m ⋅ s−1
c Reference lattice velocity
u Velocity m ⋅ s−1
ueq Distribution velocity m ⋅ s−1
p Pressure Pa
cp Thermal specific heat at constant pressure J ⋅ (kg ⋅K)−1
cv Thermal specific heat at constant volume J ⋅ (kg ⋅K)−1
h Droplet height m
d Droplet contacting area length with substrate m
g Gravity acceleration m ⋅ s−2
F Interactive force N
G Coefficient for interaction forces
Lc Heat source location indicator
Greek symbols σSurface tension N/m
ηDynamic viscosity kg ⋅ (m ⋅ s)−1
αThermal diffusivity m2/s
τRelaxation time for stream field
τTRelaxation time for temperature field
ωiWeight coefficients in i direction
φPhase change term
ρDensity kg ⋅m−3
λHeat conductivity W ⋅ (m ⋅K)−1
υKinetic viscosity m2 ⋅ s−1.
ψPseudo-potential of components.




Droplet evaporation has attracted increasing attention in re-
cent decades, with its wide application in the industrial field.
Commonly seen applications of droplet evaporation are Inkjet
printing [1, 2], spray cooling [3], material processing [4],
coffee-ring effect [5–8] and particle synthesis [9, 10]. In recent
years, more medical applications have been developed for
droplet evaporation, like DNA/RNA arrangement [11, 12]
and medical diagnosis [13, 14].
Among the factors affecting the droplet evaporation pro-
cess, Marangoni flow plays a vital role in influencing the inner
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dropwise flow pattern, hence affects the way heat is trans-
ferred and also the evaporation behaviour [15]. In recent years,
many scholars have beenworking on studying the relationship
between the Marangoni effect and the droplet evaporation
process. Hu et al. [16, 17] studied the effect of Marangoni
flow on the well-known “coffee-ring” effect and found that
one of the key requirement for the formation of “coffee-ring”
is the suppression of Marangoni flow. They also found that
surfactant contamination has a good performance in suppress-
ing theMarangoni effect. Anna-Lena Ljung et al. [18] adopted
a numerical approach in investigating the role of boundary
conditions on flow pattern both inside and outside the droplet.
They found that the existence of the Marangoni effect in-
creases the velocity within the droplet with up to three orders
of magnitude. F. Girard et al. [19] studied the effect of
Marangoni flow on the evaporation of volatile heated drops
numerically when casting heat plate heating. They concluded
that the impact brought byMarangoni flow on the evaporation
rate could be neglected. The effect of Marangoni flow on the
evaporation process is also investigated by R. Savino et al.
[20] using silicone oils with different viscosities and hydro-
carbons, and it’s believed that a larger, more uniform surface
temperature can be caused by Marangoni flow thus the evap-
oration rate is increased eventually.
As from the formula of the Marangoni number
MaT ¼ − dσdT lΔTηα , it can be easily concluded that the temperature
gradient generates Marangoni flow on the fluid interface, hence
when local heating is applied for a droplet, the more complicated
surface temperature gradient will lead to a more complex flow
pattern in the dropwise, changing the way heat is transferred and
thus the evaporation rate. However, in most researches, the
heating conditions are either heat plate or ambient heating, while
local heating for a droplet is yet to be studied. Moreover, due to
the small size of the droplet, there’s a significant limitation on
studying this experimentally. As a result, the numerical approach
is chosen to investigate the effect of local heating on the droplet
evaporation process in this paper.
Lattice Boltzmannmethod (LBM) has been adopted bymany
researchers in their researches toward droplets for its easy paral-
lelism, easy processing of boundary conditions, and easy imple-
mentation of programs. Yan et al. [21] did a simulation on liquid
droplet behaviour on partial wetting surfaces while the liquid-gas
density ratio is large. By combining Inamuro’s [22] and Briant’s
[23] model, the study of a droplet falling onto a hydrophilic
surface with hydrophobic strips was done. The results indicated
that the current LBM approach could be used as a reliable way to
study fluidic control on heterogeneous surfaces and other wetting
related subjects.Mohammad Taghilou [24] et al. applied amodel
which uses the Cahn-Hilliard diffuse interface theory, to capture
the liquid-gas interface. The passive scalar model is used to sim-
ulate the thermal effects. It’s found that by increasing the Prandtl
number ratio between the droplet and its surrounding, thermal
diffusion within the droplet will be delayed and this causes re-
duction in the droplet average temperature. Qing Guo [25] et al.
studied the effects of ambient humidity of air and wall tempera-
tures on sessile droplet evaporation by applying the multi-
component multi-phase (MCMP) LBMmodel. The evaporation
behaviour near the Leidenfrost temperature was studied, includ-
ing the flow pattern and the heat flux. Salman et al. [26] gave a
short review of the way density ratio and achievable temperature
broke their limits during the past decades. The relationship be-
tween temperature, reference relaxation time, density ratios, a
reduced parameter for the equation of state (EOS) and the inter-
face thickness was given, to help lift the limitations when dealing
with cases at a lower temperature than the Leidenfrost point.
On the other hand, surface wettability determines the droplet
behaviour in various ways, from affecting the inner droplet flow
patterns to affecting the evaporation rate. Y. Takata [27] et al.
did some experiments on the evaporation of water drops on
plasma-irradiated hydrophilic surfaces. The contact angle was
measured, and it was found that the evaporation time decreases
while the wetting limit and the Leidenfrost temperatures in-
crease with the decrease of contact angle. Droplet morphology
during the evaporation process on superhydrophobic surfaces is
also researched by many researchers [28–30], and their unique
behaviour is compared to that on a common surface. B. Sobac
et al. [31] tested the evaporation of droplet with a wide range of
contact angles and found that when the contact angle is small,
the contact radius is the only factor to the evaporation rate.
In this paper, a pseudo-potential multi-component multi-
phase (MCMP) lattice Boltzmann method (LBM) model is
adopted, and a simulation of droplet evaporation with differ-
ent local heating conditions is done. Substrate wettability is
also considered to study the effect of contact angle on the
evaporation process. Flow patterns and temperature distribu-
tion inside the droplet, as well as the droplet morphology and
evaporation rate, are studied, and the attention is also given to
the droplet slipping caused by asymmetric heating source.
2 Numerical methodology
The multi-component multiphase lattice Boltzmann method,
which is adopted in this paper, is introduced in this section.
Given that the droplet is an ideally perfect hemispherical, the
flow pattern caused byMarangoni flow should be accordingly
centrosymmetric when the heat source is evenly distributed on
the substrate, hence on any section through the centre point the
flow pattern should be constant. Based on that assumption, a
2-D model is adopted considering its simplicity and low de-
mand for computing resource.
The Lattice Boltzmann Equation (LBE) for density and
temperature are listed below, respectively, which contains col-
lision and streaming steps:
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f σ;i xþ eiδt; t þ δtð Þ− f σ;i x; tð Þ
¼ − 1
τσ
f σ;i x; tð Þ− f eqσ;i x; tð Þ
 
ð1Þ
gσ;i xþ eiδt; t þ δtð Þ−gσ;i x; tð Þ
¼ − 1
τσ;T
gσ;i x; tð Þ−geqσ;i x; tð Þ
 
þ δtωiφσ ð2Þ
where τσ is the dimensionless collision relation time of the
σth component, ei is the lattice velocity vector and i stands for
the lattice velocity direction. σ stands for different compo-
nents, as 1 stands for base fluid while 2 stands for nanoparticle
phase. fσ, i(x, t) and f
eq
σ;i x; tð Þ are the distribution function and
equilibrium distribution function of the σth component with
the velocity ei at lattice x and time t, respectively. The discrete
velocity for each direction is:
ei ¼























where c is the reference lattice velocity.
Corresponding to the D2Q9 model, the velocity equilibri-
um distribution function and temperature equilibrium distri-
bution function for each component is shown as follows:
































where ωi is the weight coefficients.
The phase change source term is given as follows as ob-
tained by Chaoyang et al. [32]:
















where cv and cpare the thermal specific heat at constant vol-
ume and pressure, respectively.
For macroscopic density and velocity of each component,
they can be calculated as
ρσ x; tð Þ ¼ ∑
8
i¼0
f σ;i x; tð Þ ð7Þ
uσ x; tð Þ ¼
∑iei f σ;i x; tð Þ
ρσ x; tð Þ
þ δt Fσ x; tð Þ
2ρσ x; tð Þ
ð8Þ
And the total density and velocity are written as
ρ x; tð Þ ¼ ∑
σ
ρσ x; tð Þ ð9Þ
U x; tð Þ ¼ 1
ρ x; tð Þ ∑σ ρσ x; tð Þuσ x; tð Þ ð10Þ
For the macroscale temperature, the temperature for each
component is set as below:
Tσ x; tð Þ ¼ ∑
8
i¼0
gσ;i x; tð Þ ð11Þ
and the temperature for the mixture is
T x; tð Þ ¼ 1
ρ x; tð Þcv ∑σ ρσ x; tð Þcσ;vTσ x; tð Þ ð12Þ
The kinetic viscosity and thermal diffusion coefficient are
defined by
νσ ¼ 13 c











The Fσ mentioned above in Eq. (8) is the total force acting
on the corresponding component σ . In this simulation, four
different forces are considered: attractive force between the
same components, the repulsive force between different
forces, the interactive force between the solid substrate and
the fluid phase, and gravity and buoyance force. The
thermophoretic force was also considered but was too small
compared to other forces hence neglected in this case. The
interaction forces between fluid phases are calculated accord-
ing to Gong and Cheng’s method [33]:
Fσ;σ ¼ −βψσ xð Þ∑
x0
Gσψσ x










whereσ' stands for the other component and x' stands for the
neighbouring lattice. And the solid-fluid interaction force is
shown below
Fσ;s ¼ −ψσ xð Þ∑
x0
Gss x0ð Þ ð17Þ
while for s(x') the value varies from 0 to 1, depending on
whether the lattice on x' is a fluid phase or solid. The gravity





Gσ, Gσ' and Gs are the coefficient of each interaction force.
There are calculated by
Gσ;σ0;s x0ð Þ ¼








The change in temperature affects the pseudo-potential of
each component, which is determined by [34]







The Peng-Robinson equation of state (P-R EOS) which is






w h e r e a ¼ 0:457235R2T2cpc , b ¼
0:077796RTc
pc
a n d ε Tð Þ ¼
1þ 0:37464þ 1:54226ω−0:26992ω2ð Þ½ 1− ffiffiffiffiffiffiffiffiffiffiffiT=Tcp ,
where the subscript c denotes critical state. With ω being the
acentric factor, it’s chosen as ω = 0.344, and a, b, R are select-
ed as 3/49, 2/21 and 1 respectively. In this case, the β in Eq.
(15) equals to 1.16.
3 Results and discussion
3.1 Model validation
A simulation of a droplet evaporation process on a
superhydrophobic surface is cast to provide validation for this
numerical model. The contact angle of the droplet is set at
around 150 degrees, and the heat source is evenly distributed
on the substrate, as shown in Figs. 1, 2. The decrease of drop-
let volume, as well as the contact angle, is measured and
compared to the results obtained by M.J. Gibbons et al. [35]
in his paper Local heat transfer to an evaporating
superhydrophobic droplet and theoretical result from the
Young-Laplace solution.
It can be observed that the results are in a very close match,
with the maximum error between this simulation and
Gibbon’s experiment result being 2.53% when regarding the
volume and 1.83% when regarding contact angle. Note that in
the initial period of the evaporation process, a shape change
occurs to the droplet as the droplet is heating up, and with the
temperature conducting through the dropwise, the interactive
force inside the droplet changes, leading to a decrease in the
contact angle. While during the major evaporation process,
the deviation of contact angle is less than 10%, so according
to S. Dash et al. [36], this period could be considered as con-
stant contact angle (CCA) state. Also, near the end of evapo-
ration, the evaporation mode switches from the CCAmodel to
constant contact radius (CCR) model, and the contact angle
decreases rapidly while the curve of the volume is flatting.
The morphology of droplet is in an unstable state in those
two periods and cannot represent the common tendency of
the evaporation process, so the initiate and the last period
which covers up about 15% of the evaporation process is
not taken into the comparison.
3.2 Simulation of the standard droplet evaporation
process
We have also cast a simulation of the standard droplet evap-
oration process to offer a reference for the local heating study
(Fig. 3). In this simulation, a water droplet is placed on sub-
strates which provide three different contact angles, respec-
tively 30, 60 and 90 degrees. The heat source is distributed
evenly on the substrate, which means the substrate is at a
constant higher temperature Th. The initial ambient tempera-
ture is set as the saturated temperature Tswith is lower than the
substrate temperature. The temperature setting follows the
work of Gong et al. [37], as both Th and Ts are calculated
based on the critical temperature Tc, here we set Ts = 0.86Tc,
and Th is set at three different temperatures, respectively
0.90Tc, 0.91Tc and 0.92Tc. The top and bottom boundaries
are set as bounce-back boundaries, and the left and right
boundaries are set as periodic boundaries.
In the initial state of the evaporation, due to the difference
in the heat capacity and density of liquid and gas phase, it
takes longer for the dropwise to reach the equilibrium temper-
ature. Shown in Fig. 4 is the evolution of isotherms at the
initial state of the evaporation process. To allow the system
to become converge enough and reduce the error, gravity is
Fig. 1 Schematic of a droplet
placed on a superhydrophobic
surface. (CA = 150°)
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added after 40,000 timesteps, and the heat source is added
after 80,000 timesteps. The data is collected from 80,000
timesteps on in this research. The isotherm inside and outside
the droplet are both nearly horizontal and becomes hierarchi-
cal at the droplet interface. With the evaporation proceeding,
the isotherm both inside and outside of the dropwise rises
from the substrate, representing the heat conduct from the
substrate upwards. The height deviation of an isotherm tends
to decrease as the evaporation takes place.
Shown in Fig. 5 is the morphology of the droplet during the
evaporation process. The droplet volume, contact angle and
height/diameter ratio (h/d ratio) are studied. The data is re-
corded every 10,000 timesteps. The unit of the x-axis is
×10000timestep, and the y-axis of Fig.5(a) is the percentage
of droplet volume to the initial volumewhen the heating starts.
The unit of y-axis for Fig. 5(b) is degrees. Figure 5(a) shows
the evolution of droplet volume to the time of evaporation. It
can be observed that apart from the rate of decreasing in the
droplet volume, the tendencies are all similar, as the tempera-
ture didn’t exceed the Leidenfrost point. For instance, we
fitted the curve of dT = 0.5 ⋅ Tc, and the equation for variation
in volume is v = − 0.0003t3 + 0.0082t2 − 0.1379t + 0.9997.
That shows the volume decreasing curve keeps flatting, as
the contact area between the substrate and the droplet keeps
decreasing. Shown in Fig.5(b) and (c), The contact angle and
the h/d ratio share a very similar tendency, as when the contact
angle decreases, given the droplet volume remains constant,
the droplet grows flattered and thus the h/d ratio also de-
creases. At the initial state of evaporation, due to the increase
of the droplet temperature, the interactive force within the
droplet decreases as well as the surface tension, leading both
the contact angle and the h/d ratio to decrease. While in the
rare part of evaporation, with the evaporation mode transfer-
ring from the CCAmodel to the CCRmodel, the contact angle
and the h/d ratio decrease rapidly to complete the evaporation.
3.3 Simulation of the droplet evaporation under local
heating
Marangoni flow has a decisive impact on the inner droplet
flow pattern. The flow field can affect the way heat is trans-
ferred within the dropwise, thus influences the temperature
distribution, droplet motion and morphology, and eventually
evaporation rate. In this part, the effect of different local
heating conditions on evaporation behaviour is investigated,
and different surface wettability is adopted to give the droplet
different initial contact angles.
Shown in the figure below is the schematic of this
simulation. The droplet is placed on a substrate and
surrounded by vapour gas. The initial temperature of the
whole cavity simulated is the saturated temperature Ts =
0.86Tc, whereTc is the critical temperature calculated from
the equation of state. The top and bottom boundaries are
set as bounce-back boundaries, and the temperature of the
Fig. 2 Model verification results. (a) Comparison of the volume change throughout the evaporation process. (b) Comparison of the contact angle change
throughout the evaporation process
Fig. 3 Schematic of the
simulation of the standard
evaporation process
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top boundary is fixed at Ts, while two different tempera-
ture are set for three different areas on the bottom bound-
ary. The bottom boundary is divided into three different
parts, marked as A, B and C, the temperature of A part
and C part are set at Ts while that of the B part is set at Th
. Here, to maintain an acceptable evaporation rate to save
the computational time, the heating temperatureTh is set at
Th = 0.92Tc (Fig. 6).
Fig. 4 Evolution of isotherms at the initial state of evaporation. (a) Time step = 1000. (b) Time step = 5000. (c) Time step = 10,000. (d) Time step =
20,000
Fig. 5 Morphology of the droplet in the evaporation process under different heating temperatures. (contact angle = 90 degrees, substrate heating) (a) the
volume evolution to time. (b) the contact angle to time. (c) the h/d ratio to time
Heat Mass Transfer
Four different surface wettability are adopted in this study,
with the major contact angle in the CCA period of evaporation
being at 30°, 60°, 90° and 120° respectively. The size of the
heating area B is fixed in this study, while different locations
are chosen for the centre point of the heating area.With a fixed
droplet volume, the heating area is set at 0.44 times the radius
of the droplet when the contact angle is 90°. For simplicity, in
this study, we mark the position of the centre of the heating
area as Lc, and the length of the heating area is marked as a
dimensionless 1. for example Lc = 0 means the heating source
is located at the centre of the droplet contact section, and
when Lc = 2, the centre of the heating source is located at twice
the length of the heating area from the droplet centre to the
triple-phase contact point.
Fig. 6 Schematic of simulation of
droplet evaporation under local
heating
Fig. 7 Streamlines inside the droplet on substrates with different wettability when applied local heating
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Figure 7 shows the streamlines inside the droplet on sub-
strates with different wettability when different values are
picked for Lc. Figure 7(a)-(d) show the streamlines in droplets
with a contact angle of 30 degrees, while the contact angle for
Fig. 8 The temperature distribution in the flow field of droplets with different contact angles under different local heating condition
Heat Mass Transfer
Fig. 7(e)-(h), (i)-(l) and (m)-(o) are 60 degrees, 90 degrees and
120 degrees respectively. Lc is chosen as 0, 0.5, 1 and 1.5 for
contact angle from 30° to 90°, while for contact angle 120°,
due to the limitation of liquid-solid contact size, three different
values 0, 0.25, 0.75 are picked for Lc. Data at time step
100,000 is chosen to ensure the droplet evaporation is in a
steady CCA mode. It can be observed that despite different
contact angles and different heating source locations, there are
always two vortexes aside the heating source. These two are
caused by the surface tension difference on the bottom sur-
face, as they are close to the heat source, and the direction of
flow near the bottom surface is from where the temperature is
high to where the temperature is lower. According to the
mechanism of the Marangoni effect, the surface tension de-
creases when the temperature increases [38] and the flow di-
rections on the droplet interface are determined by surface
tension (from where the surface tension is lower to where
the surface tension is higher). The same phenomenon can be
observed on the top surface of the droplet, as right above the
heating source, the temperature is higher than surrounding
areas, so the flow is driven fromwere above the heating source
towards the triple-phase contact point on the two sides. Due to
the existence of capillary flow the direction of which is from
the liquid phase to the solid phase [39], the flow pattern near
the triple-phase contact point is always from the bottom up-
wards, thus resulting in the flow caused by the Marangoni
effect kept away from the droplet edge. By comparing the size
of the upper vortexes and the lower ones, it can be found that
for droplets with smaller contact angles, the flow caused by
upper surface tension gradient is more substantial. Also, it can
be observed from the lower flow field that for droplets with
larger contact angles, when the heat source area is constant,
the Marangoni effect is relatively prevailing as the vortexes
caused by them are occupying larger area in the lower flow
field. This is because for those droplets with larger contact
angles, as the h/d ratio of them increases, the capillary flow
is weakened compared to droplets with smaller h/d ratios. One
more conclusion is that when applying asymmetric local
heating conditions, the shape of droplet tend to be asymmetric.
This is more obvious for droplets on super-hydrophilic sub-
strates (figure c and d), and the hemisphere where the heat
source is located at has a smaller average height than the
opposite hemisphere.
As captured in the figure below is the temperature distribu-
tion of the droplet when local heating is applied. The data is
also captured at 100000 timesteps after the heat distribution
reaches a steady state. The contact angle and heat source lo-
cation remain the same as the corresponding figures in Fig. 7.
As predictable, the temperature distribution moves with the
movement of the heat source, and unlike heat plate heating
condition, the major part of the bottom of the droplet remains
at a low temperature as the heat mainly transfers upwards, so
overall the upper part of the droplet has a higher mean tem-
perature than the bottom part. The highest temperature on the
droplet surface is located correspondingly above the heating
source, and there is a noticeable temperature jump on the
droplet interface, as a difference of heat conductivity and heat
capacity exists between the two fluids. More detailed temper-
ature distribution on the droplet interface is presented in
Fig. 8.
Marangoni number for each instance is also calculated, as is
an effective indicator of the strength of Marangoni effect. The
results are shown in the figure below. It can be observed that
droplet with a smaller contact angel has a bigger Marangoni
number than those with bigger contact angles. Meanwhile, as
the heating source moves towards the triple-phase contact point,
the Marangoni number increases. This is because the Marangoni
number is mostly determined by the maximum temperature dif-
ference of the droplet surface, and with a smaller contact angle, a
bigger temperature difference can be obtained, as shown in Fig.
Fig. 10 the droplet interface temperature profile for a droplet with contact
angle = 90°
Fig. 9 Marangoni number of systems with different contact angles under
different heat source locations
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8. Also, when the heat source is closer to the droplet edge, a
similar phenomenon happens.
As presented in Fig. 10, the temperature on the droplet
interface changes with the change of the heat source location.
The droplet is placed on a substrate with a contact angle = 90°,
and four different heat source locations are applied, respec-
tively Lc = 0, 0.5, 1and 1.5. Here on the x-axis, 0.5 indicates
the centre of the droplet subface, while 1.0 means the right
triple-phase contact point. Temperature data are taken every
lattice length unit on the droplet interface, and the average
surface temperature is calculated by dividing the sum of tem-
perature data taken by the number of units counted. Results
show that with the translation of the heat source position, the
curve of temperature profile becomes asymmetric with the
peak of the maximum value moving in the direction of the
centre to the heat source. Also, due to the two sides of the
droplet is thinner compared to the centre, the vertical distance
from the heat source to the droplet interface is decreased,
leading to a higher maximum interface temperature. This
can be observed in Fig. 9. Thus, the average temperature of
the droplet interface is also increased, as the average interface
temperature for Lc = 0, 0.5, 1and 1.5 are respectively
0.0947907, 0.094803, 0.094823 and 0.094889 lattice temper-
ature unit.
As the evaporation process majorly takes place at the drop-
let interface, it’s fair to think that a higher droplet interface
temperature will lead to a higher evaporation rate. This is
further validated in Fig. 11, which gives the droplet volume
evolution to time for droplets under different local heat
sources on substrates with different wettability. Note that in
this part, due to that the difference in contact angle has an
effect on the contact area, and the contact area of the droplet
with a contact angle of 120 degrees is too small to fit in Lc =
1.5, so the case of contact angle equals to 120 degrees is not
taken into consideration. Also, for the reason that when the
heat source position Lc = 1.5 is applied for the droplet with its
contact angle being 30°, the shape of the droplet will be asym-
metric, leading to errors when measuring the contact angle
and calculating the droplet volume, Lc = 1.5 is neither taken
into consideration for contact angle = 30°. As could be ob-
served from the figure, despite different surface wettability,
the droplet evaporation rate increases when the heat source
moves closer to the droplet edge, and this tendency is more
evident in those cases with larger contact angle, when the
temperature difference on the droplet interface is larger.
Moreover, droplets with a smaller contact angle still process
a higher evaporation rate, in the same way when applied sub-
strate heating.
The evolution of droplet morphology when applying local
heating is also investigated by studying the evolution of h/d
ratio and contact angle. The results are presented in Fig. 12.
Because the evaporation time is much longer when applying
local heating, the results shown in Fig. 12 includes just the
front 360,000 timesteps since heating starts. Apart from the
same regulation that the h/d ratio shares largely the same ten-
dency as the contact angle, it can be concluded that, while
both the h/d ratio and the contact angle go through a decrease
in the heating-up state, the decrease is more severe when the
heat source is closer to the droplet edge. For hydrophilic sur-
faces, with the increase of contact angle, the difference in
droplet morphology between different heat source locations
increases. However, since when asymmetric heating condi-
tions are applied, the droplet shape also more or less goes
asymmetric, and this is more obvious for droplets on super-
hydrophilic surfaces, errors are likely to exist in this part, and
more research could be done towards this in the future.
Considering that the substrate being a smooth surface,
when the flow pattern is asymmetric (as presented in Fig. 7),
the force acting on the droplet will lead the droplet to slip on
the substrate. On the one hand, the flow on the droplet inter-
face does interact with the ambient gas; on the other hand, the
asymmetric temperature distribution can result in horizontal
flows in the surrounding gas. The effect of asymmetric local
heating on the droplet slip is studied in this paper, and the
results are as follows:
Note that the case Lc = 1.5 is still excluded in this simula-
tion for better accuracy. It can be concluded from Fig. 13 that
the droplet slip phenomenon is more evident on super-
Fig. 11 evolution of droplet volume when applying local heating. (a) contact angle = 30°; (b) contact angle = 60°; (c) contact angle = 90°
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Fig. 12 evolution of the h/d ratio and contact angle for droplets on sub-
strates with different surface wettability under different local heating con-
ditions. (a)-(c): evolution of h/d ratios of the droplet with basic contact
angles at 30°, 60° and 90°; (d)-(f): evolution of contact angles of the
droplet with basic contact angles at 30°, 60° and 90°.
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hydrophilic substrates; in other words, more evident for small-
er contact angles. Also, the slip distance increases when the
heating source is closer to the triple-phase contact point.
Another phenomenon is that when the contact angles are 30
degrees and 60 degrees, the droplet moves in the opposite
direction to which the heat source is placed against the droplet
centre, while when the contact angle is 90 degrees, the droplet
slip direction is towards the way from the droplet centre to the
heat source. Hence, there is a point between 60° and 90°,
which when the droplet contact angle exceeds, the droplet slip
direction reverses.
4 Conclusion
In this paper, we adopted a pseudo-potential multi-component
multiphase lattice Boltzmann method model to investigate the
effect of local heating on the droplet evaporation process. The
model was successfully validated, and simulations consisting
of different heating sources as well as different surface wetta-
bility are done. Streamlines, temperature distribution,
Marangoni number and droplet morphology are studied.
Moreover, an initial study towards the droplet slipping behav-
iour caused by asymmetric local heating conditions is pro-
posed. Based on the present numerical modelling and analy-
sis, the following can be concluded:
1. Asymmetric local heating conditions can cause asymmet-
ric flow patterns and temperature distributions in the
dropwise, and also causes the shape of the droplet being
asymmetric. This is more obvious for droplets on super-
hydrophilic substrates;
2. The gradient of surface intension is generated both on the
upper surface and lower surface of the droplet when the
droplet is heated locally, andMarangoni flow is generated
on both surfaces. Flow caused by the surface tension gra-
dient on the upper surface is stronger when the contact
angle is smaller;
3. Marangoni number increases with the decrease of the
droplet contact angle. For the same droplet, when the
heating source is closer to the triple-phase contact point,
a higher Marangoni number can be achieved.
4. The higher evaporation rate is achieved when the heat
source is located closer to the triple-phase contact point.
While for the same heat source location, a droplet with
smaller contact angles has higher evaporation rates;
5. The droplet slips horizontally on the substrate when an
asymmetric local heating condition is applied. The slip-
ping behaviour is affected by both the droplet contact
angle and heating source location, and there is a contact
angle between 60° and 90°, which is the demarcation
point of the slip direction.
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